ABSTRACT: Four ruminally and duodenally cannulated beef steers (558 & 37 kg) were arranged in a 4
forage and total DM intake (gramskilogram of BW).
Apparent total tract, ruminal, and postruminal digestion of OM, NDF, ADF, and N were unaffected ( P > . l o ) by CM supplementation. True ruminal N digestion tended ( P < .19) to increase quadratically with increasing proportion of CM as a protein source. Total nonbacterial and bacterial N flows at the duodenum, as well as microbial efficiency, were unaffected ( P > . l o ) by treatment. Total ruminal VA concentrations were reduced (linearly; P < . l o ) by the addition of CM as a protein source. No other differences ( P > . l o ) were noted in ruminal fermentation data. Rate of in situ disappearance of potentially degradable NDF and CP digestion (percentagehour) were unaffected ( P >
Introduction
Crambe meal (CM) is a processing by-product resulting from the oil extraction of whole crambe seeds ( Crambe abyssinica J. h i m . Sci. 1994. 72:3238-3245 in an oil high in erucic acid, which has many industrial uses, and a high-protein meal (approximately 32% oil and 68% meal; Anderson et al., 1993) . Current Food and Drug Administration guidelines allow the use of crambe meal in feedlot diets at 4.2%' of the diet DM (Federal Register, 1981) . Glucosinolates and resulting metabolites associated with crambe meal and other crucifers are goitrogenic (Scheline, 199 1) and intake suppressants (Carlson and Tokey, 1983) . Moreover, work with dairy cattle (Boyd and Reed, 19611, sheep (Williams et al., 19651 , and rats (Nishie and Daxenbichler, 1980) indicate that glucosinolates associated with crucifers can impair reproduction. Recent data (Anderson et al., 1993) indicate that crambe meal from an industrial crushing plant can be included, without adverse effects, in backgrounding and finishing beef cattle diets at 15.3 and 4.0% of DM intake, respectively. Stock et al. (1993) reported that inclusion of 20% crambe meal in high-grain diets reduced intake early (first 9 d ) or late ( > 90 d ) in the feeding period.
Influence of crambe meal as a protein source on ruminal fermentation, site of digestion, and in situ NDF and CP disappearance in forage-fed cattle has not been evaluated. Moreover, understanding the influence of crambe meal on duodenal N flow and microbial efficiency in forage-fed cattle would provide insight into the usefulness of crambe meal as a protein source for beef cattle. Therefore, our objectives were to evaluate crambe meal as a protein source on intake, digestion, ruminal fermentation, duodenal N flow, and microbial efficiency in steers fed low-quality hay.
Materials and Methods
Animals, Diets, and Sampling. Four ruminally and duodenally cannulated steers (558 k 37 kg) were used in a 4 x 4 Latin square experiment. Cannulation techniques provided for humane treatment of animals and were approved by a local animal care committee. Postoperative care consisted of both topical and intramuscular application similar to that performed by Caton et al. (1987) . Treatments were a control and three supplements containing increasing concentrations of CM as a protein source. Soybean meal was replaced by CM (35% C P ) to provide 0, 33, 67, and 100% supplemental CM N. Ingredient and chemical composition of the supplements are shown in Tables 1  and 2 , respectively. Supplements were formulated and fed to provide similar levels of energy and sufficient protein for steers to gain .8 kg/steer daily (NRC, 1984) . Amounts of pelleted supplements (pelleted at 795°C ) fed were 831, 885, 950, and 996 g of DWsteer daily for 0, 33, 67, and 100% CM supplements, respectively. Crambe meal ( 56 @mol of glucosinolates/ g ) supplementation levels were 0, 2.00, 3.83, and (Table 2) . In each period steers were allowed a 21-d adaptation to supplements, which was followed by a 6-d collection period. Steers were fitted with fecal collection bags during each collection period to measure total fecal output. Bags were emptied at 0730 and 1630 daily. After each 24-h period, total fecal excretion was determined. Feces were mixed, subsampled (approximately lo%), and dried in a forced-air oven (50°C). Fecal samples were ground in a Wiley mill t o pass a 2-mm screen and composited for each steer within sampling period across days on a n equal weight basis. Daily orts were weighed, subsampled, and composited within animal across day during each period. Orts were dried in a forced-air oven (50°C), ground to pass a 2-mm screen, and stored until laboratory analyses. Chromic oxide was used as a n indigestible flow marker. Eight grams of CrzO3 was weighed into gelatin capsules and dosed through the rumen a t 0800 and 2000 daily. Dosing began 5 d before and continued throughout the collection period. Duodenal samples were collected (approximately 200 mL) in a manner that allowed for every other hour in a 24-h period to be sampled. Therefore, samples were collected at 0800, 1600, and 2400 on d 2; 1000 and 1800 on d 3; 0200, 1200, and 2000 on d 4; and 0400, 1400, and 2200 on d 5 of each collection period.
Duodenal samples were composited across sampling times within steer and sampling period and stored frozen ( -20°C ).
At 0630 on d 1 of each collection period 200 mL of Co-EDTA (fluid-phase marker; Uden et al., 1980) containing 827 mg of Co was dosed intraruminally. Samples of whole ruminal contents (approximately 250 mL) from the midventral region were taken at -2 (just before Co-EDTA dosing) and 0, 1, 2, 4, 8, 12, and 24 h after dosing. Ruminal pH was immediately determined on each sample with a portable pH meter and a combination electrode (Orion SA230, Cambridge, MA). Contents were strained through four layers of cheesecloth and the fluid portion acidified with 7.2 N H2SO4 (1 mL of acid/100 mL of strained ruminal fluid). Strianed samples were stored frozen
In situ degradation measurements were conducted on d 2 through 5 of each sampling period. Dacron bags (Ankom, Fairport, Ny: 10 cm x 20 cm; 53 f 10 pm pore size) containing approximately 5 g of ground (2-mm screen) hay were incubated for 72, 48, 36, 24, 16, 12, 8, 4 , and 0 h. At each incubation time three bags containing hay and one blank were introduced. All bags were removed a t 2000 on d 5. In addition, four Dacron bags containing approximately 5 g of unground pelleted supplement were introduced a t the 16-h incubation time. All bags were suspended in large mesh ( 18 cm x 24 cm) nylon bag fitted with a nylon zipper. Mesh bags were not anchored in the rumen but were placed at the interface of fiber raft and liquid portions. Dacron bags were sealed with a #8 rubber stopper and two #19 rubber bands. After incubation all bags were removed and washed in warm tap water until rinse water was clear. Bags were then dried in a forced-air oven (5O"C), desiccated, weighed, and stored.
Total ruminal evacuations were conducted on d 6 of each period. Contents were weighed, mixed thoroughly by hand, and subsampled. Subsamples were dried in a forced-air oven (50°C) until dry, ground through a 2-mm screen, and stored for analyses. Ruminal contents were strained through four layers of cheesecloth and 3 L was preserved with 25 mL of -15 M NaCl in 37% (vol/vol) formaldehyde/100 mL of strained ruminal fluid. Samples were stored at 10°C until bacterial cells were harvested.
Laborato y Analyses
Samples of diets, orts, feces, and lyophilized (Genesis Model 25 LL, Virtis, Gardener, NY) duodenal samples were analyzed for DM, ash, ADF, and N by AOAC (1990) procedures. Analysis of NDF was conducted by the method of Robertson and Van Soest ( 198 1) . Ruminal contents were analyzed for DM and ash as described above. Soluble N concentration of feed samples was determined by the .15 M NaCl procedure of Waldo and Goering (1979) . Acid detergent insoluble N (ADIN) of diet samples was determined as the N fraction of ADF residue. Dry matter CP and NDF were conducted on in situ residues as described above.
Ruminal fluid samples were thawed at room temperature and centrifuged at 10,000 x g for 10 min. Supernatant was then mixed with 25% ( w t h o l ) metaphosphoric acid ( 1 mL of metaphosphoric acid5 mL of ruminal fluid) and recentrifuged at 10,000 x g for 10 min. The fluid portion was used for VFA analysis (Goetsch and Galyean, 1983) . Two-ethylbutyric acid was used as the internal standard. Determination of VFA was by gas chromatography (Shimadzu Scientific Instruments, Columbia, MD; packed column, 140°C, N gas carrier).
Supernatant from the initial centrifugation was analyzed for Co and ammonia concentration. The Co analysis was conducted by atomic absorption spectroscopy using an air-acetylene flame. Ammonia concentrations in ruminal supernatant and duodenal fluid (after centrifugation a t 30,000 x g for 20 min) were determined by the colorimetric procedure of Broderick and Kang (1980) . Bacterial cells were isolated from 3 L of ruminal fluid by differential centrifugation (Merchen and Satter, 1983) . Lyophilized isolated bacterial cells were analyzed for DM, ash, and N (AOAC, 1990) . Purine analysis was conducted on bacterial, duodenal, and in situ residue by the procedure of Zinn and Owens (1986) .
Fecal and duodenal samples were analyzed for Cr concentration by atomic absorption spectroscopy (airacetylene flame). Samples were prepared for analyses by the procedure of Williams et al. (1962) .
Calculations
Intake and fecal output were determined by direct measurement. Duodenal DM flow was calculated by dividing daily marker dose (grams) by marker concentration a t the duodenum (gramdgram of DM; corrected for percentage marker recovery in feces; 87.4 f 12.34%). Duodenal flows of OM, NDF, ADF, N, and ammonia were determined by multiplying the percentage composition by duodenal DM flow. Duodenal bacterial N flow was estimated by multiplying duodenal purine flow (gramslday) content of duodenal samples by the N:purine ratio in isolated bacterial cells (Zinn and Owens, 1986) . Ruminal fluid dilution rate was calculated as described by Caton et al. (1993) .
In situ rate and lag of potentially degradable NDF were estimated using the nonlinear model of Mertens and Loften (1980) . Rate of in situ CP disappearance (corrected for bacterial attachment using purines) was calculated using the model outlined by 0rskov and McDonald ( 19 7 9 ) . This model calculates a rapidly degraded CP fraction (Fraction A; assumed to be instantaneously degraded) and a slowly degraded fraction (Fraction B; degradation rates similar to rate of passage; NRC, 1985) . Degradation rates derived from this model are associated with Fraction B.
Computations of NDF and CP rates of disappearance were conducted using nonlinear procedures (Marquardt method) of SAS (1985) . Corrections for microbial contamination in in situ residue were made using purines as a microbial marker (Messmen et al., 1992) .
Statistical Analyses
Intake, site of digestion, in situ data, and fluid passage data were analyzed as a 4 x 4 Latin square (Cochran and Cox, 1957) . The model included effects of steer, period, and treatment. Ruminal fermentation data were analyzed as a split-plot within a 4 x 4 Latin Square (Gill and Hafs, 1971) . The model contained effects of steer, period, treatment, and sampling time. Steer x period x treatment and sampling time x treatment interactions were included in the model. Steer x period x sampling time was used as the error term for testing main plot effects. Contrasts for linear, quadratic, and cubic effects were conducted according to SAS (1985) and were protected by a significant Ftest ( P < .lo).
Results and Discussion
Total and forage OM intakes were unaffected by levels of CM (Table 3) . Total OM intake ranged from 16.9 to 18.0 g k g of BW. These intakes are well within ranges reported for cattle consuming forage-based
diets (Cordova, 1978) and are supported by recent work with steers consuming chopped grass hay and moderate levels of protein supplementation (Freeman et al., 1992) . After a series of studies with experimentally crushed CM (3.4% to 9.8% of diet. DM), Lambert et al. (1970) concluded that dietary inclusion of CM could reduce palatability and intake. Stock et al. (1993) suggested that cattle needed to be adapted to CM to avoid intake problems early in the feeding period. They also suggested that CM could reduce intake late (> 90 d ) in the finishing period. Recent work by Anderson et al. (1993) suggested that including CM (from 5.1 to 15.3% of diet DM) in pelleted protein supplements during either the growing or finishing phase had no effect on palatability or intake. Differences between our data and the work of Lambert et al.
( 1 9 7 0) may result from differing manufacturing processes associated with the respective CM. Tallent (1972) and Carlson et al. (1985) suggested that different processing procedures can result in meal variation. Discrepancies between the work of Stock et al. (1983) and our data are difficult to explain.
Differing processing techniques can result in differing concentrations of the glucosinolate epi-progoitrin. Dehulled CM usually contains between 7 and 10% glucosinolates, of which the majority ( a s much as 90%) is epi-progoitrin (Carlson and Tookey, 1983) . Conversion of epi-progoitrin to four aglucons is accomplished by interaction with thioglucosidase. Thioglucosidase is present in crambe seeds and crushing brings this enzyme and epi-progoitrin in contact, resulting in various levels of aglucon formation (Carlson and Tookey, 1983) . Other reports have indicated that similar metabolites can be formed by both intestinal (Scheline, 1991) and ruminal (Lanzani and Piana, 1974; Forss and Barry, 1983) bacteria. Aglucon products can result in both acute and chronic toxicosis in several species. In monogastric species (Carlson and Tookey, 1983) glucosinolates associated with CM and their resulting metabolites cause feed intake suppression, reduced growth, enlarged thyroids, liver and kidney lesions, enlarged adrenals, and decreased fetal weights. In ruminants, only inconsistent reductions in feed intake and palatability have been reported from feeding heattreated CM. Reasons for this are probably associated with destruction of thioglucosidase by heat treatment and little or insignificant amounts of aglucon formation by intestinal bacteria. Vanetten et al. (1977) reported no change in thyroid size in cattle fed CM. Anderson et al. (unpublished data) demonstrated normal serum clinical profiles in cattle fed up t o 15% CM. Moreover, in cattle fed 7 to 10% CM no detectable tissue levels (< 1 ppm) of glucosinolates or resulting metabolites were found (Vanetten et al., 1977) . Other research with similar glucosinolate-accumulating plants (Crucifers) has shown that sheep grazing fresh herbage can have impaired reproduction and reduced intake; however, this problem is reportedly managed by providing higher dietary iodine levels (Forss and Barry, 1983) . Fresh herbage from grazed crucifers probably has elevated thioglucosidase activity, and therefore goitrogenic metabolites would likely be formed following ingestion and chewing upon rumination. This should not be the case with heat-treated CM. No detrimental effects in intake or palatability were noted from the feeding of CM in the current study.
Total tract, ruminal, and postruminal digestion of OM, NDF, and ADF were unaffected ( P > . l o ) by level of CM. Total OM digestion ranged from 60.5 to 61.3% (Table 3 ). These OM digestibilities are similar to those reported previously for cattle consuming foragebased diets with moderate levels of supplementation (Carey et al., 1993) . Nitrogen intake (gramdday) was not influenced by feeding CM as a protein source ( Table 4) . Quantities of feed and bacterial N reaching to the duodenum were similar ( P > .lo) across treatment. Feed (nonbacterial, non-ammonia) N flow to the duodenum was numerically lower in steers fed 33% supplemental protein from CM. This numeric shift in conjunction with a quadratic tendency ( P < .19) toward increased true ruminal N digestion (Table 4) suggests that blends of corn and soybean meal may offer a slight improvement in ruminal CP disappearance. This concept is supported by in situ data. Other data (Carlson and Tookey, 1983; Anderson et al., 1993) suggest that CM provides a well-balanced profile of amino acids. Sixteen-hour in situ CP disappearance of the supplements used in this study were 89.0, 90.8, 82.3, and 81.6% for 0, 33, 66, and 100% CM supplements. Postruminal N digestibilities were unaffected ( P > . l o ) by treatment ( Table 4) .
Microbial efficiency (grams of microbial Nkilogram of OM truly fermented) was not influenced ( P > .lo)
by including CM as a protein source in steers fed grass hay. Microbial efficiency estimates reported here are similar to other reports for cattle consuming moderate-to lowlquality forages (Funk et al., 1987) . These data indicate that inclusion of CM as a protein source in steers fed forage-based diets has little effect ( P > .lo; Table 4) on microbial efficiency or microbial protein synthesis.
Ruminal pH and ammonia concentrations were similar among treatments ( P > .lo), indicating that ruminal acid-base balance was unaffected by treatment (Table 5 ) . Ruminal ammonia concentrations were unaffected by treatment and seemed adequate for microbial fermentation of these types of diets (Satter and Slyter, 1974) . (Table 5 ) were unaffected by CM supplementation, indicating a similar pattern of fermentation existed among treatments. In situ NDF disappearance was essentially . unaffected by treatment (Table 6) . After 4 h of incubation, both linear and quadratic effects ( P < .lo) were observed in in situ NDF disappearance. However, these minor differences are probably biologically insignificant. Rate (percentagehour) and lag (hour) of in situ NDF disappearance were similar ( P > .lo) among treatments. Rates of NDF disappearance ranged from 5.0 to 5.8%/h and are well within the range of other values reported (Caton et al., 1993) .
In situ CP disappearance (corrected for bacterial attachment) was similar among treatments ( P > .lo).
Likewise, the proportion of forage protein that was instantaneously degraded (Fraction A or slowly degraded (Fraction B) was unaffected by treatment ( P > .lo; Table 7) . A quadratic increase ( P < . l o ) in in situ CP disappearance was noted after 12 h of incubation in response to level of CM supplementation. In situ CP data seem to be similar to other reports using similar forage (Carey et al., 1993; Olson et al., unpublished data) . Digesta passage data ( This tendency was coupled with a numeric shift toward a more rapid fluid dilution rate (percentage/ hour) in CM-supplemented steers. Total DM fill was unaffected ( P > .lo) by CM supplementation. Digesta kinetic data (Table 8 are well within ranges reported by Estell and Galyean (1985) and suggest that CM supplementation had little influence on ruminal digesta kinetics.
Implications
These data indicate that crambe meal can be successfully used as a protein supplement in steers consuming forage-based diets. Intake and palatability problems associated with the feeding crambe meal to nonruminants or the feeding of non-heat-treated crambe meal to ruminants were not evident in this study. Current data suggest that heat-treated crambe meal from a commercial crushing plant provides a viable protein source for steers. Usefulness of feeding crambe meal to reproducing beef cows is currently unknown. Research seems warranted in this area.
